Primaquine is the only licensed drug available for the elimination of Plasmodium vivax hypnozoites. Methemoglobinemia is currently reported in the course of treatment. There is evidence that metabolites of primaquine formed by the cytochrome pathway are responsible for methemoglobin formation; a genetic polymorphism of cytochrome isoforms; and a potential influence of gender in the activities of these enzymes requiring the establishment of dose × response curves profiles in different population groups. Concentrations of primaquine in plasma and methemoglobin levels were investigated in 54 patients with malaria due to P. vivax during the course of the standard regimen of chloroquine with primaquine (0.25 mg/kg/day for 14 days). All study subjects lived in an endemic area of the Brazilian Amazon Basin. The blood samples were collected before initiation of treatment and 3 hours (range 2-4 hours) after the administration of antimalarial drugs on days 2, 7, and 14. Plasma primaquine concentrations were similar in both genders (males: range = 164-191 ng/mL, females: range = 193-212 ng/mL). Methemoglobin levels ranged from 3.3% to 5.9% in males and from 3.1% to 6.5% in females. There were no significant correlations between the plasma primaquine concentrations or total dose and methemoglobin levels, suggesting that unidentified metabolites rather than parent drug were likely responsible for changes in methemoglobin levels. There was no significant influence of gender on primaquine concentrations in plasma or methemoglobin levels.
INTRODUCTION
Malaria due to Plasmodium vivax is a major public health issue worldwide. 1 Chloroquine with primaquine are the drugs of choice for treatment of the disease, which aim at radical cure, that is, eliminate all forms of Plasmodium of the blood and of the tissues. The primaquine is the only licensed drug available for the elimination of hypnozoites responsible for relapses, weeks to months after the initial attack. The recommended conventional hypnozoiticidal doses are 0.25-0.5 mg/kg/day for 7 or 14 days. [2] [3] [4] A major issue in the course of treatment with primaquine is the high incidence of adverse reactions, which are generally dose dependent and include gastrointestinal and hematological disturbances such as nausea, abdominal pain, diarrhea and vomiting, methemoglobinemia, and severe hemolysis in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency. [3] [4] [5] [6] The methemoglobin (MetHB) is an oxidative product of hemoglobin formed when the ferrous iron in the heme moiety of hemoglobin is converted to ferric iron. 7 High levels of MetHB are associated with exposure to oxidant agents, with the deficit of enzymes of the redox cycle in red blood cells, with infections, and with the conformational changes in hemoglobin molecule. 7, 8 The increase in the MetHB levels due to the therapeutic or prophylactic use of primaquine is well documented. Overall, it is autolimited, does not require interruption of the therapy, and returns to normal range within 28 days after commencement of the treatment. [9] [10] [11] There are considerable evidences that the hydroxylated metabolites formed by the cytochrome P450 (CYP)dependent pathway, such as 5-hydroxyprimaquine, rather than the parent drug, are responsible for MetHB formation and other adverse reactions, as well as, the hypnozoiticidal action. [12] [13] [14] The significant interethnic differences in CYP2D6 allele found in studies across many countries may influence the metabolism of the parent drug and, consequently, the MetHB formation in the course of treatment with primaquine, once the genetic polymorphism of CYP2D6 was associated with both the efficacy and the toxicity of primaquine. [15] [16] [17] [18] Another potential source that influences the MetHB levels is the sex-related difference in the pharmacokinetics of some drugs, which is considered an important determinant for the higher incidence of adverse events in females compared with males. 19, 20 In this context, the measure of MetHB in the course of the treatment with primaquine becomes relevant in population groups with high degree of miscegenation, such as the riverside population of the Amazon River, where each year about 180,000 cases of P. vivax are reported. 21 Despite the extensive use of primaquine in this endemic area, there is a paucity of data on MetHB levels and on the concentrations of the drug in blood components. Therefore, the aim of the present study was to investigate the levels of MetHB and the concentrations of primaquine in the plasma of people living along the Amazon River, with slide-confirmed P. vivax infection and treated with the standard regimen of chloroquine (3 days) with primaquine (14 days). 2 MetHB levels were compared between genders and correlated to both plasma concentrations of drug and the total dose administered.
MATERIALS AND METHODS
Ethical statement. The study was submitted and approved by the Ethical Committee of the Instituto Evandro Chagas (protocol 036/10 CEP-IEC). All patients recruited were informed about the goals, as well as the risks and benefits, of the study. The written informed consent was obtained before inclusion in the study in a formulary elaborated according to the National Committee of Ethical and Research.
Study site and patients. This prospective study was carried out from January 2010 to July 2012 at the Basic Unit Health of Brazil Novo, an area of low transmission along the Amazon River in the state of Amapa, Brazil. The criteria of inclusion were adults with slide-confirmed P. vivax infection, with G6PD activity and body mass index in the normal ranges. The criteria of exclusion included patients with mixed malaria or with signs and symptoms of severe malaria (jaundice, renal or pulmonary impairment, severe anemia, and altered level of consciousness), parasitemia above 5%, hypersensitivity to the drugs, and use of antimalarial drugs 4 weeks before inclusion in the study.
Drug administration and follow-up. Each patient received multiple oral doses of 600 mg base chloroquine on day 0, and 450 mg base chloroquine on days 2 and 3 (chloroquine phosphate in tablets; 150 mg base/tablet; Farmanguinhos Brazilian Health Office) concurrent with 15 mg base primaquine for 14 days (primaquine phosphate in a tablet with 13.2 mg salt/tablet; Farmanguinhos Brazilian Health Office). 2 The drugs were administered within 30 minutes after breakfast under the supervision of clinical staff throughout the study. No additional food or drink was given until 2 hours after the administration of the drugs. The occurrence of vomiting within 30 minutes after the ingestion of the drugs was monitored. After the treatment, the patients were requested to return on days 21, 28, 35, and 42, or at any time whenever signs and symptoms suggestive of malaria occur. A parasite count was performed at each visit. 2 Blood sampling. Venous blood samples (4 mL) were collected from each patient in lithium heparin tubes before commencement of treatment (D0) and after 3 hours (range = 2-4 hours) of administration of the antimalarial drugs on days 2, 7, and 14. One fraction of the blood (1 mL) was used for the determination of MetHB. The remainder (3 mL) was centrifuged at 1,400 × g for 15 minutes for separation of the plasma that was stored at −80°C until the analysis of the drug.
Laboratory analysis. A reversed-phase high-performance liquid chromatography system with ultraviolet detection (Pro Star; Varian, Walnut, CA) was used for measuring the concentrations of primaquine in plasma. The drug was extracted of the plasma using methyl-tert-butyl-ether at pH 8.0 on a reversed-phase column (ODS C18 4.6 × 250 mm i.d. 5 μm; Supelco Inc., Bellefonte, PA). The mobile phase consisted of acetonitrile/phosphate buffer pH 3.0 (30:70). The flow rate was 1 mL/minute. The wavelength of detection was 250 nm. Quinidine (2.5 μg/mL) was used as internal standard. 22 The method was linear in the range of 10-900 ng/mL. The coefficients of variation, within-day and day-to-day, were 8.3% and 12.1%, respectively. The limit of detection was 5 ng/mL and the limit of quantification was 10 ng/mL. The mean recovery of primaquine of plasma was 95.3%. The stability of the plasma sample spiked with the drug was estimated at 120 days.
The quantification of MetHB in whole blood sample was performed according to Hegesh and others. 23 Briefly, a total of 1,000 μL of 0.5 M phosphate buffer (pH 6.5) was added to 1,000 μL of cell lysate, and the mixture was centrifuged at 1,600 × g for 2 minutes to sediment debris. The supernatant was used to measure the absorbance at 630 nm (the absorbance maximum for MetHB). Thereafter, a total of 100 μL of KCN 10% was added, and after 5 minutes at room temperature (24°C), a second reading was recorded. KCN converts MetHB to cyanomethemoglobin, which does not absorb at 630 nm. The difference between absorbance readings represents the absorbance due to MetHB. To measure total hemoglobin levels, all of the hemoglobin was converted to MetHB by K 3 Fe(CN) 6 and the absorbance of the sample was recorded at 630 nm. KCN 10% was subsequently added, and a second reading (T2) was recorded. The percentage of MetHB in relation to hemoglobin in the sample was calculated.
Data analysis. Data are reported as mean ± standard deviation. The plasma primaquine concentrations and the MetHB levels were compared among days of blood sampling by one-way analysis of variance and between genders using Student's t test. The Pearson's coefficient of correlation was used to determine the correlations between the plasma primaquine concentrations or the total dose and the MetHB levels on each day of blood sampling. Statistical analyses were performed with STATISTICA software package (version 6; StatSoft, Tulsa, OK). Changes were accepted as significant at P = 0.05 or below.
RESULTS
A total of 54 patients met the criteria to inclusion in the study. All of the patients completed the 42-day follow-up period. The parasites were cleared from peripheral blood within the first 2 days of study, and there was no reappearance of parasites during the follow-up period. There were no reports of serious adverse reactions in the course of the study. The baseline characteristics of patients are provided in Table 1 .
There were no measurable concentrations of primaquine in the baseline samples of all patients. The means of the plasma primaquine concentrations on days 2, 7, and 14 (Figure 2 ). There was an increase in MetHB levels after commencement of treatment on days 2 and 7, and then a decrease on day 14 in male (F = 14.813; P < 0.001) and in female (F = 5.567; P = 0.013) patients. The MetHB levels were similar in both genders in predose samples (t = 0.724; P = 0.182) and on days 3 (t = 0.749; P = 0.231), 7 (t = 0.826; P = 0.209), and 14 (t = 0.239; P = 0.406). There were no significant correlations between the plasma primaquine concentrations and MetHB levels in male patients on days 2 (r = −0.391; P = 0.136), 7 (r = −0.097; P = 0.738), and 14 (r = −0.163; P = 0.614). A similar result was found in female patients on days 2 (r = −0.702; P = 0.441), 7 (r = −0.728; P = 0.481), and 14 (r = −0.785; P = 0.425). There were no significant correlations between the total dose of primaquine administered and MetHB levels in male (r = 0,412; P = 0.587) and in female (r = 0.240; P = 0.753) patients (Figure 3 ).
DISCUSSION
In this study, the levels of MetHB and the plasma primaquine concentrations were examined in uncomplicated cases of P. vivax from the Brazilian Amazon Basin. Moreover, the MetHB levels were correlated with the total dose and with the concentrations of primaquine in plasma, in both genders, to confirm that the parent drug is not responsible by MetHB formation. Compared with other studies, the plasma primaquine concentrations found in this study were higher than those reported in healthy Thai volunteers, Thai male patients, and Indian patients in the course of the same standard regimen with primaquine, [24] [25] [26] but they were lower than those in Korean patients with P. vivax. 27 These findings corroborate a probable interracial difference of the pharmacokinetics parameters of primaquine. Furthermore, there was a slight increase in the concentrations of primaquine on day 2 in both genders that can be justified by the concurrent administration of chloroquine or by the influence of the Plasmodium on the pharmacokinetics disposition of the drug. [26] [27] [28] The plasma primaquine concentrations were slightly higher in female patients in all days of blood sampling with the highest difference on day 14. The sex-related difference in the pharmacokinetics of the primaquine was associated with the duration of the exposure. For instance, there was lack of effect of sex in the pharmacokinetics parameters of the drug after short exposure time in healthy volunteers from different ethnicities, 29, 30 but the chronic exposure to the drug reduced the volume of distribution and the oral clearance in female volunteers. 31, 32 As expected, there was a significant increase in the MetHB levels after commencement of treatment in both genders, but the values were not clinically relevant to the study, because the threshold of occurrence of clinical signs and symptoms of methemoglobinemia is generally above 20%. 7, 8 Moreover, the levels of MetHB found in the study are in line to reports from other endemic areas, which suggests the probable absence of interracial difference in MetHB formation in the course of treatment with primaquine. [9] [10] [11] There was no significant correlation between the plasma primaquine concentrations and the MetHB levels, suggesting that other compounds were responsible for the increase in the MetHB levels. This finding is corroborated by the nonsignificant correlation between the total dose of primaquine and the MetHB levels, suggesting that the compounds responsible for the increase in MetHB levels have a short half-life and do not show significant accumulation in tissue, which is in accordance with the reports on the profiles of the hydroxylated metabolites of the primaquine. [12] [13] [14] [15] 33 The profiles curves of total dose × MetHB and plasma primaquine × MetHB in both genders have two main characteristics: 1) A prominent lag phase accompanied by the high concentration of primaquine in plasma. This finding can be justified either by a probable reduction of hydroxylated metabolites formation via CYP-2D6, resulting in a pharmacokinetics interaction between primaquine and chloroquine, or by the physiopathology of the disease. 14, 15, 26, 28 2) A decline of MetHB levels after half of the treatment following the clearance of parasites and the cessation of signals and symptoms of the disease. This finding is justified by the partial restoration of the redox balance inside red blood cells and consequent reduction of the MetHB levels. In fact, besides hydroxylated metabolites of the primaquine, there are other sources that promote a pro-oxidant environment within the erythrocytes that increase the MetHB levels, for instance, the host's immune response to Plasmodium evolves phagocytosis, the production of oxygen radicals and nitric oxide, as well as the degradation of hemoglobin in the acidic food vacuole of parasites, which provides nutrients and maintains the osmotic stability within the host cell producing the redox active by-products, free heme, and hydrogen peroxide. [3] [4] [5] 11, 13, 33, 34 The levels of MetHB were similar in both genders, but were slightly higher in females on days 2 and 7 after commencement of treatment. This finding may be due to sexrelated differences in the formation, or in susceptibility to adverse reaction, of these hydroxylated metabolites. Further studies should elucidate if the gender has a significant impact on the pharmacokinetics or pharmacodynamics of these metabolites.
The main limitation of the study was the collection of blood samples in predetermined days, instead of the serial blood sampling. However, both sampling methods were valuable to estimate the exposure to the antimalarial drugs. 35 Another two potential limitations of the study are as follows: 1) The concentrations of carboxyprimaquine were not measured in the study, because there were no evidences to support pharmacological or toxicological activities of the metabolite. [3] [4] [5] [6] 2) The blood was sampled between 2 and 3 hours after the administration of the drugs, which is relatively in accordance with the reported T max of 2.0 hours with the range of 0.5-4 hours for chloroquine-primaquine combination therapy. 26 According to our results, the MetHB levels and the plasma primaquine concentrations of people living in the Brazilian Amazon Basin were similar in both genders, but both were slightly higher in female patients. The curves for time and total dose versus MetHB levels show a lag phase followed by decline midway through the treatment period. No significant correlations were found between plasma primaquine concentrations or total dose and MetHB levels, suggesting that primaquine metabolites are involved in the formation of MetHB.
